Abstract. This paper presents a new framework for modeling light interception by isolated trees which makes it possible to analyze the inuence of structural tree organization on light capture. The framework is based on a multiscale representation of the plant organization. Tree architecture is decomposed into a collection of components representing clusters of leaves at dierent scales in the tree crown. The components are represented by porous envelopes automatically generated as convex hulls containing components at a ner scale. The component opacity is dened as the interception probability of a light beam going through its envelope. The role of tree organization on light capture was assessed by running dierent scenarii where the components at any scale were either randomly distributed or localized to their actual 3D position. The modeling framework was used with threedimensional digitized fruit trees, namely peach and mango trees. A sensitivity analysis was carried out to assess the eect of the spatial organization in each scale on light interception. This modeling framework makes it possible to identify a level of tree description that achieves a good compromise between the amount of measurement required to describe the tree architecture and the quality of the resulting light interception model.
1. Introduction. Light capture by plants is an essential process for plant growth and survival. Indeed light provides plants with energy which can be used for carbon xation through foliage photosynthesis and for transpiration which allows water and nutriment transport within the plant [19] . Light interception by plants foliage is governed by simple basic principles: photons coming from the sun direction (direct radiation) and the whole sky hemisphere (diuse radiation) may be intercepted by the plant elements or transmitted onto the soil surface if they pass in the foliage gaps.
Intercepted photons may then be absorbed or scattered in any direction. Scattered photons may then either be intercepted again or leave the canopy.
The interception process can be seen as the intersection between the photon trajectory a line and the plant organ. It thus only depends on the canopy structure, i.e. the spatial distribution of the plant organs, and organ geometry, namely shape, size and orientation [36] . If the detailed three-dimensional (3D) geometry is known, light interception can be easily and accurately computed by using 3D computer plant mock-up. Ray-tracing methods [13] , Z-buer approach [13] or plant image processing [41] can be used. Although accurate, this class of computation methods shows several shortcomings. First, it does not allow one understanding which structural features are the main determinants of light interception by plants. Second, although methods exist to exhaustively measure the detailed 3D geometry in particular 3D digitizing [38] , these techniques are very tedious and do not allow describing large sets of large trees. Third if scattering is computed, the algorithm complexity dramatically increases due to multiple interception-scattering events and the high number of traced photons needed for convergence. Fourth, even though the basic processes are computed without any assumption, the simulation results are sensitive to measurement errors in the detailed canopy structure and in the optical properties of plant organs.
For more than 50 years, more simple approaches have been proposed to estimate light interception by plants [23] . The most common approach abstracts the plant canopy as a turbid medium [36] , i.e. a medium made of innitely small foliage particles randomly dispersed in the vegetation volume and thus having a uniform optical density, i.e. transparency. In such medium, light penetration can be expressed by the Beer-Lambert law, i.e. the probability that a photon crosses the vegetation volume without any interception can be written as p 0 = exp(−G.LAD.L) . Hence, p 0 is the probability of zero-interception and corresponds to the canopy porosity. LAD is the leaf area density and G is the extinction coecient, namely the projection coecient of plant elements on a plane perpendicular to the direction Ω [36] . G depends on the angle between Ω and the normal of the plants elements. The product G.LAD can be regarded as the optical density of the vegetation. Note that leaves are usually the only elements taken into account because they represent the solar collector of the plant. Finally L is the distance travelled by the photons in the canopy. If scattering is disregarded which is the case in this study where we focus on the eect of canopy structure on light interception, the intercepted light is proportional to p = 1 − p 0 , i.e. the probability of light interception that denes the canopy opacity.
For a photon direction Ω, the distance L is constant for horizontally homogeneous vegetation canopies, e.g. grasslands. However for tree crowns, L depends on the point where the photons enter the canopy. Usually, tree crowns are abstracted by envelopes and beams are sent from a grid of points above the tree. The contribution of each beam to light interception is then summed up to compute total light interception probability in this direction. Finally the contribution of each direction Ω is summed up by weighting each directional probability with the fraction of incident radiation coming from direction Ω. Several light interception models for tree crowns are based on these principles [8, 22] . However the assumption of uniform random distribution of leaf elements is rarely veried in actual tree crowns [46, 11, 38] . Indeed leaves are grouped around shoots, with higher density at the crown periphery. This leads to an overall clumped dispersion of the foliage, non-uniform LAD distribution and lesser interception by crowns showing foliage clumping. The simplest way to deal with the non-random location of leaf elements is to introduce a leaf dispersion parameter µ in the Beer-Lambert equation Parameter µ equals 1 for random distribution. It is lesser than 1 for clumped foliage, i.e. crown porosity, p 0 , is higher, and µ could be greater than 1 if foliage would show regular dispersion. Indeed the product µ.LAD can be regarded as the LAD of equivalent random canopy showing the same porosity. Thus a clumped canopy shows a higher porosity and therefore a lower equivalent LAD, i.e. µ < 1.
The parameter µ possibly changes with direction Ω [27] and botanical parameters [26, 6] . However there is not yet a clear knowledge about the structural parameters hal-00831810, version 1 -7 Jun 2013 determining the degree of foliage clumping, although Sinoquet et al. [40] have showed that µ is related to the spatial variations of LAD.
Two other approaches have been proposed to deal with non-random and nonuniform foliage. In the rst one, the crown volume is divided into voxels, and a value of LAD is assigned to each voxel [20, 10, 25] . This approach shows two shortcomings.
On the one hand, computed light interception depends on voxel size [21, 39] . On the other hand, assigning LAD values to each voxel needs a huge amount of eld measurements [10] . The second approach is based on the botanical multiscale structure of trees, and was applied to conifer species. Norman and Jarvis [28] assumed that spruce crowns were made of whorls regularly distributed along the trunk, with shoots randomly distributed in whorls and needles randomly dispersed in shoots. Oker-Blom and Kellomaki [30] proposed a simplication of Norman and Jarvis' approach, where shoots were directly distributed at random in the tree crown of Scots pines. This kind of model, called grouping model, better takes into account the foliage distribution according to the plant organization at several scales. It allows better rendering of foliage clumping without introducing a calibration parameter µ.
The objective of this study was to develop a general modeling framework for computing light interception by single tree crowns. This framework includes most of the previously proposed methods in a unifying formalism: 3D plant mock-ups vs.
turbid medium, mono-vs. multiscale approaches. This modeling framework is aimed at better understanding the eects of the crown organization on light capture at the whole tree scale, i.e. giving meaning to µ. The expected outcome of this study is to dene ways of describing canopy structure as simple as possible and allowing accurate estimation of light interception, without the need of introducing any empirical dispersion parameter µ. In this paper, this approach was applied to a collection of fruit trees, namely four peach and four mango trees.
2. Modelling framework. At a macroscopic level, the problem consists of estimating the amount of direct radiation intercepted by a vegetal component x (representing either the entire plant crown or a sub-branching system) for each direction Ω of incident light. Light interception is computed in terms of ST AR, Silhouette to Total Area Ratio:
where P LA (m 2 ) is the Projected Leaf Area on a plane perpendicular to the incident direction Ω (i.e. the leaf area which intercepts light in direction Ω) and T LA (m 2 )
is the total leaf area [5, 31] . The ST AR is thus the relative irradiance of leaf area.
To take into account the clumping of leaves in plant crowns, this denition can be extended to the case where a canopy is decomposed into groups of leaves rather than directly into leaves. Groups of leaves can be regarded as macroscopic plant components, corresponding for instance to particular branching systems in the plant. In this case, the notion of P LA must be redened since it now refers to the projected area of these coarser components, which are not entirely opaque. For this, we assume that the shape of a component x can be globally characterized by its convex envelope. According to [18] , the P LA of x, denoted P LA x , can then be dened from the projected surface of the component envelope by introducing its opacity p x in direction Ω [40] hal-00831810, version 1 -7 Jun 2013
where P EA x is the Projected Envelope Area of x in the direction Ω and p x can be regarded as the probability of photon interception in the projected envelope. Reciprocally, 1 − p x is the envelope porosity. In the case of such multiscale plant structures, our original question thus amounts to estimating the opacity of the coarse components that are identied at dierent scales. Intuitively, the opacity in a particular direc-
tion Ω of such components, composed themselves of sub-components (such as leaves or smaller branching systems) with dened shapes is controlled by two independent factors:
1. On the one hand, it depends on the opacity of the sub-components themselves 2. On the other hand, it depends on the spatial distribution of the subcomponents, and more precisely, on how much the sub-component silhouettes overlap when observed from direction Ω.
In the case of opaque subcomponents (e.g. opaque leaves in a tree crown) the opacity of the composed object in a given direction Ω is solely a function of the directional overlapping. In the case of porous sub-components, the opacity is the result of these two factors applied to the smaller components. Possibly, the sub-components can themselves be decomposed into smaller components with their own opacity.
In this section, we rst briey recall how the structural organization of a plant can be formalized within a multiscale framework [15, 3] . We then show how to compute the porosity factors of these elements and use the resulting hierarchical structure to compute light interception. We then show how sensitivity analysis of the model can be carried out to determine the inuence of each scale of the hierarchy in the light interception.
2.1. Multiscale representation of plants. Plant 3D mock-ups are represented by sets of geometric components for which the shape, size, spatial co-ordinates and orientation of each component are well dened (Fig. 2.1 a. ). These informations can be obtained either from direct measurements [38, 17] or from simulation models of plant architecture [35, 12] . In both cases, the multiscale structural information is described as a Multiscale Tree Graph (MTG) [15] . At each scale i (i = 1 . . . n), the plant is regarded as a set of botanical components (e.g. branches, shoots, leaves)
arranged as a rooted tree-graph. Components at a scale i are made of components at scale i+1 and together dene a partition of the set of components at scale i+1. Scales 1 corresponds to the whole tree and scale n to the set of leaves (a MTG includes at least these two scales), (Fig. 2.1 
3) where P EA i,j is the projected envelope area of the component j at scale i and p i,j is its envelope opacity. For leaves (i.e. components at scale n), P LA n,j and ST AR n,j are simply the projected area of the leaf and the extinction coecient of the leaf, respectively [36] . At other scales i (i = n), components j are porous objects containing subcomponents at scale i + 1.
In the sequel, we shall show how such a multiscale organization of plants can be used to compute recursively the opacity of a plant crown and to interpret the light interception properties of the plant at dierent scales.
At each scale i and for each component j at this scale, the envelop opacity p i,j can be estimated by casting a set of regularly spaced beams in the envelope. Let B i,j be the set of beams intersecting with component j at scale i. The origin of beams b (b = 1 . . . B i,j ) can be obtained from the cell centers of a regular grid perpendicular to the direction Ω and positioned above the tree. Each beam is aected with a cross-section area, A b , corresponding to the surface area of a grid unit element. Consequently we can associate a volume V b i,j with each beam b
where L b i,j is the travelling distance of beam b in component j. Based on the beam sampling we can dene estimators V i,j and P EA i,j of the volume and projected area of the envelope of component j at scale i
The beam sampling must be dense enough to verify that V i,j and P EA i,j provide good estimates of V i,j and P EA i,j . With such a beam sampling, an estimator of the hal-00831810, version 1 -7 Jun 2013 Fig. 2 Opacity computation in option R. In option R, subcomponents are randomly and uniformly distributed. The probability that the beam b is not intercepted by the component j at scale i is computed from the product of gap fractions produced by each subcomponent k, of scale i + 1, included in j [39] . The gap fraction for a beam b due to the subcomponent k at scale i + 1 is dened as the fraction of A b free of the subcomponent projection, i.e.
where P LA b i+1,k is the portion of component k area projected onto the beam crosssection area, i.e. the restriction of P LA i+1,k to the beam b. The probability of no interception, assuming independence between events, is p 0
In Eq.(2.9), the product expresses the eect of the uniform random distribution of leaves on the beam opacity in envelope j. Moreover, one can see that
is exactly the probability of beam interception by component k
Eq.(2.11) is exactly the same as Eq.(2.8) found in the case of actual distributions of components k in the envelope j. However, they dier by the interpretation of the product : in option A, the product expresses the sequence of components k intersected by the beam b, while in option R, it expresses the random position of components.
This analogy between both equations is further investigated in section 5.3.
In option R, we thus need to compute P LA b i+1,k for each beam. To carry out this computation, we use the assumption of uniform density of foliage which make it possible to write
(2.10) and (2.12) can be combined to express opacity p Recursive pattern for computing the P LA of an element through its envelope opacity. The combined options of inter-scale distribution determine the path to follow in this equation scheme. The recursion ends when last scale is reached, this scale must have a known or xed opacity. For instance in this study leaf are considered opaque, i.e. opacity = 1. Hence for all-A scenario the value of every p b i,j is either 0 or 1, for all i and j.
Eq.(2.11) can then be written
(2.14)
To summarize, we showed that the opacity of component j at scale i can be expressed by a unique set of recursive equations that enables us to express P LA i,j for each (i, j) as
This makes it possible to evaluate ST AR i,j from Eq.(2.3) based on an estimate of the plant total leaf area [45, 32] . The scheme described in Fig. 2 R leads to the basic random distributionof leaf area in the tree crown, as used in many turbid medium models [8, 22] . In case of more scales, scenario corresponding to the selected combination of options A and R is encoded as a 6string of characters, containing number of scales minus 1 characters. The rst and last characters of the hal-00831810, version 1 -7 Jun 2013 string refer to scale 2 and scale n, respectively. The option for scale 1 can only be A,
i.e. the actual tree crown. This is why scale 1 is not included in the string. For example, let us consider a tree organized in three scales, e.g. crown, shoots and leaves.
A scenario AA would correspond to actual arrangement of shoots within the crown and to actual arrangement of leaves within shoots. This corresponds to the real plant structure and is assumed to be the true value. Another example illustrated in Fig. 2.4 is the scenario RR corresponding to the Oker-Blom and Kellomaki's model [30] where leaves and shoots are randomly distributed in shoots and in the crown, respectively.
In addition, any inner scale (i ∈ [2, n − 1]) can be discarded to distribute components at scale i directly in envelopes at scale i − 2. Discarded scales are denoted in the scenario string. For instance, in the example above, the scenario -R means that leaves are directly randomly distributed in the tree crown. Finally, note that discarding a scale and then using the actual position is equivalent to use the actual distribution for the discarded scale, i.e. 
ST AR Ω values are computed according to Eq.(2.1) from P LA Ω whose evaluation is described in Fig. 2.3 . Originally the leaf dispersion parameter, µ, introduced in Beer-
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Lambert equation as a LAD modier, expresses the departure of the actual crown gap-fraction from the gap-fraction of a crown with random distribution of leaves and equivalent leaf area density. Indeed, µ is 1 for random distribution of leaves whereas leaf clumping leading to higher crown porosity yields a µ strictly lesser than 1. It can be extended to compare two scenarii, expressing a relative dispersion coecient, µ, of a test porosity, p 0 , against a reference one, p 0<ref > . By analogy with the BeerLambert formalism where p 0<ref > would be expressed using Eq.(1.1) and p 0 using Eq.(1.2) the following relationship is dened [40] p 0 = p 0<ref > µ . (goblet-shaped) structure employing several primary scaolds. Planting distances in TG system were 6 × 3m. WDY derives from goblet, with larger planting distances, 7×4m, and four primary scaolds arranged by pairs [14] . Tree height was about 2.5m. hal-00831810, version 1 -7 Jun 2013 [38] . For each leafy shoot, the spatial bottom and top co-ordinates of the shoot were recorded with the digitizer. For each shoot type in each cultivar, namely short and long (> 5cm) shoots, 15 to 30 shoots were digitized at leaf scale, as described above.
These data were used to establish foliage reconstruction rules for all digitized shoots.
Reconstruction rules included allometric relationships at shoot and leaf scale, random sampling in leaf angle distributions and additional hypotheses. The reconstruction method has been fully presented and assessed in [42] . At the same time as digitizing, the position of the digitized organ in the multiscale tree organization was recorded using Godin et al.'s method [17] . For mango trees 4 scales were used : plant, scaold, current-year-shoot (CYS) i.e. leafy shoot, and leaf. One additional scale was used for peach trees, i.e. one-year-old shoot (OYOS) between scaold and CYS scales.
Of course reconstructed peach leaves were assigned to the corresponding digitized shoot.Finally a database was obtained for each tree, as a collection of leaves explicitly distributed in 3D space and related to the multiscale organization of the tree. This analysis conrmed the dispersion previously found at each scale.
As scaold scale was shown to be regular, we tested a scenario where this scale was discarded (row 11 and 9 for peach and mango trees, respectively). Theoretically this should lead to ST AR values closer to the actual ones because the scaold subcomponents are no more conned within the scaold envelopes but distributed in the full crown volume. It is expected to be a way to simulate the regularity of scaolds hal-00831810, version 1 -7 Jun 2013 5. Discussion.
5.1. Requirements in canopy structure description for an accurate estimation of light interception. Exhaustive measurement of the canopy structure, e.g. to get data for scenario all-A, is extremely tedious, especially for the peach trees where the number of leaves was about 15,000 per tree. Conversely, the simplest scenario -R only uses a few data to describe the tree structure, namely crown shape and volume and total leaf area. However the computed light interception was shown to be largely overestimated. This conrms that the actual tree foliage distribution in crowns is not uniform and shows high clumping [11] . Consequently, the simulation models using this scenario [29, 7] should include a calibration parameter µ. trees. As the Oker-Blom and Kellomaki's model can be regarded as a partial grouping model (i.e. leaves randomly distributed in shoots and shoots directly distributed at random in the tree), this questions the number of botanical scales that must be used in grouping models. However the Oker-Blom and Kellomaki's model was reported to be successful for conifer species [30] , and our results show that this approach can be also used for some, but not all, fruit tree species. In the case of peach trees, the grouping scenarii did not work satisfactorily, however the scenario AA-R gave nice results.
This means that good estimations of light interception can be obtained by measuring the actual position of OYOS in the crown. In practice, this kind of measurement is really tractable [42] as a peach tree usually includes only about one hundred OYOS (see Tab. 3.1). Moreover the OYOS scale corresponds to the management unit used to train the tree (i.e. the fruit grower selects a given number of OYOS in the sunlit zones of the tree and prunes the other ones).
Therefore an interesting use of the proposed modeling framework is to nd out scenarii of canopy structure description as simple as possible that enables an accurate estimation of light interception without articially using leaf dispersion parameters µ (especially because there is about no means to estimate µ).
Sensitivity analysis.
Measurement errors eect. Magnetic digitizing is prone to measurement errors both on the location and orientation of organs. The error on spatial co-ordinates is typicaly less than 1 mm in controlled environment [24] and is less than 1 cm for eld measurements [43] . The impact of such errors on ST AR computation has already been assessed on peach trees by Sonohat et al. [42] . In this case, measurements were conducted at shoot scale and leaf position and shape were reconstructed using allometric rules. It was shown that the ST AR estimation at shoot scale was inacurrate while it was satisfactory at plant scale. In the case of mango trees, which were digitized at leaf scale, we quantied the error in ST AR estimation by generating mock-ups where hal-00831810, version 1 -7 Jun 2013 random errors were introduced in leaf spatial co-ordinates and orientation angles. We designed two procedures for this. We rst used a uniform distribution in the range [−ε, ε] to modify the co-ordinates and the orientation of each leaf. Alternatively, we used Student's distribution that yields a greater proportion of small errors. The impact of these two distributions on ST AR computation was evaluated on a set of 100 mock-ups with ε values dened so that the new position of each leaf is in a sphere of radius 0.1, 0.2, 0.5, 1, 2 and 5 cm centered on its original position. Orientation angles were modied similarly with ε ranging from 5
• to 45
• . Results showed that positioning errors less than 1 cm had little eect on light interception capacities at plant scale (Fig. 5.1 a.) , and for 1 cm, corresponding to the eld measurement error, the ST AR value error using scenario all-A was less than 5% regardless of the distribution used. For measurement errors greater than 1 cm the foliage rapidly tended to occupy a more important volume leading to a lower leaf area density and thus a greater ST AR. This eect was much more marked when errors were generated using a uniform distribution (Fig. 5.1 a. ). Note however that errors greater than 1 cm should be avoided if measurements are carefully conducted. Orientation errors had only neglectible eect on ST AR values integrated over the sky-vault (less than 0.5% for all ε values, data not shown).
a. b. reciprocally, its opacity is thus 
Using the fact that the probability for a beam b to interact with a subcomponent that it is not intersecting, 
which illustrates our previous remark stating that opacity is controlled by two factors, rst the opacity of the subcomponents : P (X b (x k ) = 1|I b (x k ) = 1), and second their spatial distribution : P (I b (x k ) = 1). Indeed, when using option A,
is either equal to 0, (the beam does not intersect the component) or 1, (the beam intersects the component). Therefore this term acts as a lter to disregard all subcomponents not intersected by the beam b. This is equivalent to Eq.(2.8) where the opacity of not intercepted subcomponents is equal to 0.
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When using option R the spatial distribution of subcomponents can only be estimated. The probability of intersecting a subcomponent can be expressed as
whereas the expression of porosity of the subcomponent for the beam b is
Since P EA b (c) is the beam cross-section, A b , the product of these two quantities in
Eq.(5.6) yields the expression of the beam interception probability.
which leads us to the second equation, Eq.(2.10), that was derived in case R. Consequently, we showed that it was possible to derive equations for both cases A and R from a unique expression, Eq.(5.6), that unify both situations.
5.4. Implementation issues and complexity. This software has been written in Python and C++. It is a stand alone module part of the VPlants software project (successor of AMAPmod [16] ).
In a rst step a 3D shape is associated with each component of the MTG at each scale. The leaf geometry is dened using the PlantGL library [34] and convex hulls are computed with the QuickHull algorithm [4] V i,j , is computed separately using routines implemented in the PlantGL library [34] .
Next the recursive scheme described in where n = N k−1 is the number of leaves, i.e. components of the last scale. Let us dene a size ratio, δ, by comparing the size of a component to the (smaller) size of its subcomponents. We also assume that the size ratio between two scale is constant and lesser than 1, that is ∀i, j, l V i+1,j = δ 3 V i,l and P EA i+1,j = δ 2 P EA i,l .
(5.8)
Let B i be the number of beams intercepted by a component at scale i with B 0 = B.
As a consequence of a constant size ratio, the number of intercepted beams at one scale is related to the number of intercepted beams at the previous scale. 
10)
The worst case is reached if k = 2, thus the total cost is in O (nB). However, when k > 2 since δ < 1 the gain in complexity due to the hierarchical structure is proportional to δ 2(k−2) . For example, using the plant illustrated in Fig.2 .1, adding 1 scale to the 2 basic scales will reduce the complexity by 1 9
) and for 2 additional scales, the complexity will be reduced by 1 81 
